Hypoplastic left heart (HLH) occurs in at least 1 in 10 000 live births but may be more common in utero. Its causes are poorly understood but a number of affected cases are associated with chromosomal abnormalities. We set out to localize the breakpoints in a patient with sporadic HLH and a de novo translocation. Initial studies showed that the apparently simple 1q41;3q27.1 translocation was actually combined with a 4-Mb inversion, also de novo, of material within 1q41. We therefore localized all four breakpoints and found that no known transcription units were disrupted. However we present a case, based on functional considerations, synteny and position of highly conserved non-coding sequence elements, and the heterozygous Prox1 þ /À mouse phenotype (ventricular hypoplasia), for the involvement of dysregulation of the PROX1 gene in the aetiology of HLH in this case. Accordingly, we show that the spatial expression pattern of PROX1 in the developing human heart is consistent with a role in cardiac development. We suggest that dysregulation of PROX1 gene expression due to separation from its conserved upstream elements is likely to have caused the heart defects observed in this patient, and that PROX1 should be considered as a potential candidate gene for other cases of HLH. The relevance of another breakpoint separating the cardiac gene ESRRG from a conserved downstream element is also discussed.
Introduction
HLH represents a spectrum of heart defects characterized by severe underdevelopment of left heart structures. In classical HLH, the aortic and mitral valves are atretic and the left ventricle and ascending aorta are markedly small. HLH is a major cause of death in the first week of life, accounting for 25% of all neonatal deaths due to heart defects. 1 Without treatment, HLH is invariably lethal and even with surgical managements, the 5-year survival is only 50 -60%. The incidence of HLH is 0.1 -0.25/1000 live births but higher in fetal life due to spontaneous intrauterine death. 2, 3 The evidence for a genetic aetiology in a proportion of cases is strong. A number of aneuploidies and microdeletion syndromes exist, in which HLH is seen more frequently than would be expected, such as trisomies 13 and 18 and monosomy X (Turner syndrome). There are reports of increased incidences of chromosomal abnormalities in both live-born and fetal populations with HLH (B5 and B12%, respectively) and in particular monosomy 11q23-qter (Jacobsen syndrome).
1,4 -6 The incidence of extracardiac abnormalities found in individuals with HLH on post mortem ranges from 3 to 28%, depending on the study. 6 -8 A number of syndromes due to single gene mutations are associated with congenital heart defects that may include HLH (eg, Holt -Oram, 9 Ellis -van Crefeld 10 and Rubinstein -Taybi syndromes 11 ), and several families have been reported in which non-syndromic HLH is inherited in an autosomal-recessive 12 -14 or autosomaldominant fashion, 15, 16 suggesting a monogenic cause in these families. Additionally, the recurrence of left-sided heart defects in first degree relatives of a proband with HLH is thought to be about 10 -15%, suggestive of a strong and simple genetic component. 17 -19 De novo chromosomal aberrations (for example, microdeletions and balanced translocations) can provide opportunities to positionally map and clone specific genes involved in sporadic genetic defects. We ascertained a case with isolated HLH and an apparently balanced reciprocal de novo translocation between chromosomes 1 and 3. We hypothesized that the translocation might disrupt the normal function of a gene at one of the breakpoints and thereby cause the heart defect in the proband. Our highresolution mapping of the breakpoints reveals a complex but grossly balanced rearrangement and enables us to identify the separation of the gene encoding the cardiac transcription factor PROX1 from conserved upstream elements as the likely cause of the defect in this child. We investigated PROX1 in fixed sections of developing human hearts and found that it localized to structures affected in HLH; this supports the role of PROX1 dysfunction in the pathogenesis of the heart defect in our case.
Materials and methods

Patient details
Through the fetal cardiology unit at Guy's Hospital, we antenatally ascertained a male fetus with isolated HLH, born at 38 weeks' gestation to non-consanguineous parents of Bangladeshi origin, with a birth weight of 2.63 kg (ninth centile). A diagnosis of classical HLH had been made at 20 weeks' gestation by ultrasound scan; this was subsequently monitored by fetal echocardiography. Postnatally no additional congenital malformations were found.
The patient has undergone two stages of the Norwood surgical correction, and is awaiting the final operation. His development was considerably delayed in a global manner at the 6-month examination, following which there has been significant improvement in all areas, suggesting that the delay was due to prolonged episodes as an in-patient following surgery. His growth parameters have been between the second and tenth centiles, which is appropriate for his family. He had some subtle facial dysmorphic features, with minimally posteriorly rotated ears and a long philtrum. There was no relevant family history. Ethical approval for this study was obtained from the Guy's and St Thomas' Local Research Ethics Committee (LREC).
Chromosome analysis G-banded chromosome preparation from peripheral lymphocytes was carried out according to standard laboratory procedures. The resolution of preparations thus obtained was a minimum of 550 bands per haploid set.
Fluorescence in situ hybridization Bacterial artificial chromosome (BAC) clones from the BACPAC resource centre and fosmid clones from the Sanger Institute were grown in Luria -Bertani (LB) liquid medium containing chloramphenicol, and DNA was prepared using a Qiagen Plasmid Mini Kit according to the manufacturers' instructions. The DNA was further purified by extraction with phenol/chloroform/isoamyl alcohol (25:24:1) and ethanol precipitation. Epstein -Barr virustransformed lymphoblastoid cells from the proband were grown and metaphase chromosome spreads prepared according to standard procedures. The BAC and fosmid clones were used as fluorescence in situ hybridization (FISH) probes (prepared and analysed as described previously 20 ) for hybridization to chromosome preparations from the proband and his parents.
Array comparative genome hybridization analysis DNA from the proband was tested for genome imbalance using oligonucleotide arrays with 44 000 probes across the genome (Agilent). Hybridization was carried out according to the manufacturer's recommendation, and the commercial analysis software was used, incorporating a three-probe cutoff for imbalance flagging. The database of Genomic Variants (DGV; http://projects.tcag.ca/variation/) 21 was used to identify putatively benign copy number variants (CNVs).
Flow sorting of chromosomes
Purification of the translocated chromosomes, derivatives 1 and 3, was carried out using a flow cytometer (MoFlo; DAKO) as described previously. Immunochemistry was performed using primary antibodies that were raised to PROX1 (Abcam), ESRRG (Abcam), smooth muscle actin (Novocastra), CD34 (Novocastra) and D2-40 (Abcam). The secondary antibodies used were FITCconjugated anti-rabbit Ig (Sigma) and Alexa 594-conjugated anti-mouse Ig (Molecular Probes). Dehydrated slides were mounted in Vectashield (Vector Laboratories) containing 4,6-diamidino-2-phenylindole (DAPI) nuclear counterstain. The slides were visualized and images captured with a Zeiss Axioplan fluorescence microscope and Axiovision software (Carl Zeiss, Welwyn Garden City, UK).
Results
Characterization of the translocation: revelation of an additional 4-Mb de novo inversion and definition of all four breakpoints G-banded chromosome analysis of the proband revealed an apparently balanced reciprocal translocation between chromosomes 1 and 3 (46,XY,t(1;3)(q41;q27.1)dn). Both parents had normal karyotypes, and this rearrangement is therefore likely to have arisen de novo. Further testing of the patient using array comparative genome hybridisation (CGH)-detected imbalance only in regions previously identified as CNVs.
To identify gene(s) involved in the aetiology of the heart defect in this patient, we set out to characterize the 1;3 translocation breakpoints at the molecular level. The initial stage of this involved FISH using BACs approximately 1 Mb apart, followed by tiled BACs spanning the interval between those 1-Mb probes which flanked the breakpoint. Next, fosmid clones were used to identify B40-kb regions, which spanned the breakpoint. The derivative chromosomes were then isolated by flow sorting (Supplementary Figure 2A) , and breakpoints were further narrowed down by iterative multiplex PCR to intervals of a few kilobases (Supplementary Figure 2B) . Finally long-distance PCR between primers either side of the translocation breakpoint enabled its characterization at the sequence level (Supplementary Figure 2C ). The results of these studies are presented in detail in Supplementary Information, Section 1.
An unexpected result of this analysis was the revelation that the chromosome 1 breakpoint of the 1;3 translocation lies in the middle of a B4-Mb inversion of chromosome 1 material ( Figure 1a ; Supplementary Figure 1 ). We found that this inversion is not present in either parent, and that it has therefore, like the translocation, arisen de novo in the proband. As the inversion breakpoints are as likely to be involved in the aetiology of the patient's phenotype as the translocation breakpoints, we set out to characterize these too. Our analysis confined the proximal and distal inversion breakpoints to a 7.1-kb region (chr1: 212145790 to 212152902) and a B26-kb region (chr1: 216193862 to 216220000), respectively, with no detectable imbalance (see Supplementary Information). The implication of this is that the proximal half of band 1q41 (from B212150000 to B216210000) had undergone inversion at some point before (or possibly in concert with) the translocation event (Figure 1a ). We were able to define the translocation breakpoints to base-pair resolution by sequencing a PCR product from der(3) (accession number FJ377539); this showed that translocation had occurred immediately distal to bases chr1: 214715823 and chr3: 185320520 (Figure 1a and c; Supplementary Figure 2C ).
Bioinformatic analysis of breakpoint regions
Of the four de novo breakpoints in this HLH patient, none interrupts either an annotated transcription unit or a region across which there is any EST-based evidence of transcription. We therefore assumed that any causative link between any of the breakpoints and the patient's phenotype is likely to stem from a cis-acting effect on the transcription of neighbouring gene(s). To assess candidature we first identified the nearest and next-nearest genes on either side of each breakpoint, and then examined the literature for evidence of relevant function, expression and haploinsufficient phenotype (Supplementary Information, Section 2). Then, on the premise that long-distance cisacting influences are likely to be mechanistically complex and therefore evolutionarily conserved, we assessed the conservation of synteny between neighbouring genes, the presence of conserved non-coding elements (CNEs) in the disrupted intergenic region, and the site of the breakpoint itself ( Supplementary Information, Section 3) . We assumed that a good candidate for the causative lesion would separate a gene of aetiologically relevant function from syntenically and structurally conserved elements.
We make a detailed case in Supplementary Information (summarized in Table 1 ) for the elimination of all but one of the candidate genes, with only PROX1 fulfilling all of these criteria. Thus a breakpoint B78 kb upstream of the PROX1 promoter separates the gene from nine intergenic CNEs conserved in all vertebrates examined; heterozygosity for Prox1 null mutations in mouse leads to a relevant phenotype, namely severe ventricular hypoplasia. ESRRG was also investigated because it partially fulfilled these criteria (a breakpoint B26 kb downstream of the ESRRG polyadenylation site, and therefore B660 kb from the promoter, separates the gene from a single intergenic CNE; heterozygosity for ESRRG null mutations in mouse leads to mild ventricular hypoplasia).
Fish synteny
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Fish synteny
Human GACTGTGTATGCATTGTAACTAGAGCATTAATAAATTTAAAATGTGCCTATTAGGATGACAGCTTTGGAGGTGCAAAGGAATAACAGTTATCACTTGGCA Opossum GACTGTGTATGCATTGTAACTAGAGCATTAATAAATTTAAAATGTGCCTATTAGGATGACAGCTTTGGAGGTGCAAAGGAATAACAGTTATCACTTGGCA Chicken GACTGTGTATGCATTGTAACTAGAGCATTAATAAATTTAAAATGTGCCTATTAGGATGACAGCTTTGGAGGTGCAAAGGAATAACAGTTATCACTTGGCA Frog GACCGCGCTTGCATTGTAAGTAGAGCATTAATAAATTTAAAATGTGCCTATTAGGATGACAGCTTTGGAGGTGCAAAGGAATAACAGTTATCACTTGGCA Zebrafish GACTGTGCAGACACTGTAACTAGAGCATTAATAAATTCAAAATGTGCCTATTAGGATGACAGCTTTGGAGGTGCAAAGGAATAACAGTTATCACTTGGCA Shark GA--ATGTACACATCGCAATAAGCACATTAATAAATATAAAG-GTGCTTATTATGATGACAGCTTTGGAAGTGCAAAGGAATAACATTTATCACTTGGCA Human GAAGCCGCTCTCACCCCATCTGCCGAGACTTTGCATACATTTTCAGCTTCCTGAGCAATGATTAGGCCTGTCAGAACCTCTTTAACCTTCTAACTGCTGG Opossum GAAGCCGCTCTCACCCCATCTGCCGAGACTTTGCATACATTTTCAGCTTCCTGAGCAATGATTAGGCCTGTCAGAACCTCTTTAACCTTCTAACTGCTGG Chicken GAAGCAGATCTCACCCCATCTGCCGAGACTTTGCATACATTTTCAGCTTCCTGAGCAATGATTAGGGCTGTCAGAACCTCTTTAACCTTCTAACTGCTGG Frog GAATCAGCTCTCACCCCATCTGCCGAGATTTTGCATACATTTTCAGCTTCCTGAGCAATGATTAGGGCTGTCAAAACCTCTTTAACCTTCTAACTGCTGG Zebrafish GAGGCTGATCTCGCCCCATCTGCTGAGACTTTGCATATATTTTCAGCTTCCTGAGCAATGATTAGGGCTGTCAGAACCTCTTTAACCTTCTAACTGCTGG Shark GATACAGATCTCACCCCATCTGCTGAGACTTTGCATATATTTTCAGCTTACTGAGCAATGATTAGGGCTGTCAGAACCTCTTTAACCTCCTAACTGCTGG
Human
TCCCCACTGGCCGTAATTAGAGACTAATGAATTCAGAAGATGCAGGCCGTGAGGAAAA-CTGCCTTGACAGTTTGTGTACAAATTAAGCCCCAATTACTT
PROX1 is a homeodomain-containing transcription factor, related to the prospero gene in Drosophila. Although PROX1 research has largely focussed on its role in development of the lens and lymphatic vessels, expression is seen in the developing heart in both mouse 25 and chicken. 26 Mice null for Prox1 (Prox1 À/À ) suffer from essentially complete failure of lymphatic development, dying in utero by day E15 with severe oedema; 27 they also have a hollow lens. 28 Moreover, 100% of Prox1 heterozygotes on most genetic backgrounds died within a few days of birth (only one strain showed an B3% survival rate), showing that mice are highly sensitive to haploinsufficiency for Prox1. 27, 28 This is consistent with problematic consequences of neonatal closure of the ductus arteriosus, which occurs in mice at about 3 h after birth. 29 Death of heterozygotes was accompanied with cyanosis and respiratory distress, 30 consistent with cardiac insufficiency. Critically, work published during revision of this article shows that neonatal Prox1 þ /À mice do indeed have severe ventricular hypoplasia, with hearts B30% smaller than those of wild-type mice. 31 We believe that this makes PROX1 a prime functional candidate for HLH in humans.
In addition to this functional candidacy, we show that the RPS6KC1/PROX1 intergenic region contains an array of 11 intergenic CNEs (see Figure 1b) shared by all vertebrates examined (see Supplementary Information, Section 3) . In Figure 1d we show one particularly striking example in which 90% identity is shared by a 300-bp segment of CNE8 between human and fish. Such degree of conservation between these species would be unusual for a coding region, is exceptional for an intergenic region, and is highly suggestive of a critical biological function for which conserved synteny is important (such as cis-regulation of transcription). Of particular relevance to our HLH patient, the proximal inversion breakpoint separates 9 of the 11 CNEs (CNEs 1 -9) from the PROX1 gene. By contrast, only one intergenic CNE is separated from the 3 0 end of the ESRRG gene, and this is more likely to be involved in regulating the adjacent USH2A gene; there are also six intronic CNEs within the USH2A gene ( Supplementary  Information, Section 3) .
Expression of PROX1 in the developing heart
The detailed expression of Prox1 has been examined in certain tissues of presumed biological activity, including the lens of the eye, 32 the lymphatic system 27 and the CNS. 33 However Prox1 is also highly expressed in the developing mouse heart from E10.5 to E16.5, 25 along with other organs such as skeletal muscle, CNS, pancreas and eye; similar expression is seen in the developing chicken, 26 where it is confined to the cardiomyocytes and to endothelial cells on the concave side of the valves. 34, 35 We set out to examine the localization of PROX1 in developing human embryonic heart. Embryonic tissue was available from B50 -70 days after conception; during this period valvular development is completed, which may be critical in the pathogenesis of HLH. PROX1 was detected in all four valves ( Figure 2 ) and double immunofluorescent microscopy showed cellular colocalization within endothelial cells (CD34-positive) and cells positive for smooth muscle actin (SMA). There was also significant expression in the walls of the aorta and pulmonary artery in addition to the atria and ventricles (left and right) -data not shown. The highest levels of expression were detected in nuclei of CD34-positive endothelial cells lining coronary arteries and veins, and D2-40-positive endothelial cells lining lymphatic vessels (data not shown). These data indicate that PROX1 has a role in cardiac development and is expressed in structures principally malformed in HLH (an expression pattern also seen in chicken 35 ); this supports the proposal that disruption of PROX1 function plays a role in our patient's defect. As one of the more likely, and testable, outcomes of the translocation upstream of the PROX1 gene would be reduced or increased expression of the PROX1 allele, which is in cis with the translocation, we looked for heterozygous sequence variants in the PROX1 exons of the patient. This would enable us to test a small amount of heart tissue, made available after one of the patients' operations, for unbalanced expression from the two PROX1 alleles. Unfortunately no heterozygosity was seen so we were unable to distinguish between the two alleles at the transcript level (data not shown).
We also examined the localization of ESRRG in developing human embryonic heart (see Supplementary  Information, Section 4) . ESRRG was detected in all four valves, walls of the aorta and pulmonary artery and cardiomyocytes in the ventricles and atria. Thus expression pattern alone cannot differentiate between the candidacy of PROX1 and ESRRG in this patient.
Discussion
We have described a patient whose HLH is associated with a complex de novo balanced chromosome rearrangement involving four separate breakpoints; one in 3q27.1 and three in 1q41. All four breakpoints lie in intergenic regions, suggesting that any causative link between the complex rearrangement and the heart defect probably arises as a result of dominantly acting disruption of expression of a neighbouring gene. We make the following case for the involvement of PROX1 in this patient: (1) The de novo rearrangement disrupts a spatial relationship between the PROX1 gene and numerous upstream elements that has been conserved for half a billion years of evolution; (2) Heterozygosity for a null mutation of Prox1 in the mouse causes neonatal death in B100% of pups, almost certainly related to their substantial ventricular hypoplasia; (3) PROX1 is found to be expressed in the developing mitral and aortic valves, proximal aorta and left ventricle, locations in which aberrant development might be expected to cause hypoplastic left heart; (4) Genes adjacent to the three remaining breakpoints are either poor functional candidates for HLH or are not separated from conserved elements by the rearrangement.
The complex rearrangement that we see in this patient is in itself interesting. Both the inversion and the translocation have arisen de novo, implying that the events occurred either sequentially in one generation or as a single concerted event. If the events were sequential, then it is far more parsimonious that the inversion happened first; the subsequent occurrence of a translocation within this inverted region may be truly independent or may be Figure 2 Expression of PROX1 in the developing human heart. Double immunofluorescent microscopy showing the localization of PROX1 within the mitral valve (d, e, j and k), aortic valve (g, h, m and n), pulmonary valve (p, q, v and w) and aortic wall (s, t, y and z) of a human heart 54 days after conception. Haematoxylin and eosin-stained sections are shown as reference (a, b, c, f, i, l, o, r, u and x); boxes indicate regions of higher magnification. PROX1 is detected in each of the valves and in the wall of the aorta, colocalizing with endothelial marker CD34 and smooth muscle actin (SMA). Ao: aorta; AV: aortic valve; LV: left ventricle; MV: mitral valve; PV: pulmonary valve; RV: right ventricle. Scale bar ¼ 100 mm (c, f, o and r) or 50 mm (i, l, u and x).
causally linked to difficulties of meiotic synapsis between the inverted and non-inverted homologous chromosomes. We have previously reported a complex de novo deletioninversion -deletion event on the X chromosome, which involved four breakpoints spread over a 2.2-Mb region, for which we posited a complex recombination-mediated resolution of a topologically looped intermediate. 36 It may be that such a topological complication triggered the events that took place in the current patient. For large inversions, the formation of 'inversion loops' is postulated, crossing over within which gives rise to recombinant chromosomes. However, for small regions of inversion, it is thought more likely that the unmatched regions 'bud out' of the synapsed chromosomes, perhaps leaving the bud vulnerable to crossing over with a different chromosome. However, although heterozygosity for inversion polymorphisms has been implicated as a predisposing factor for deletions, 37, 38 it has been excluded in at least one instance for translocations 39 .
The functions of evolutionarily conserved regions in untranslated or non-coding regions (sometimes known as CNEs) have been the subject of speculation since their first recognition. A recent broad study of the properties of CNEs across the vertebrate clade 40 shows that transcription factor and developmental genes are highly over-represented as nearest genomic neighbours to CNEs, and that B90% of CNEs behave as tissue-specific enhancers when introduced into zebrafish. Clustered CNEs are often found in gene deserts, 41 as is the case with PROX1, and gene deserts have been shown to be involved in three-dimensional higher order interphase chromatin structure. 42 In addition, there are many well-characterized examples of pathogenic rearrangements, which disrupt the expression of genes lying tens or hundreds of kilobases away; 43 this effect, known as the position effect, almost always involves gene deserts 5 0 or 3 0 to genes encoding transcription factors (such as SOX9 44 in campomelic dysplasia and POU3F4 45 in X-linked deafness) or other developmental genes (such as SHH 46 in polydactyly or holoprosencephaly). In most cases where the mechanism is known, the rearrangement removes transcriptional regulatory sequences and results in some degree of loss of expression of the disease gene and a dominantly inherited (haploinsufficient) disorder. 43 Our PROX1 upstream CNEs show degrees of conservation similar to or exceeding those examined in the enhancer and ontological study mentioned above. 40 We assume, as do others, that such sequences either bind constellations of transcription factors or participate in some other way in the epigenetic structuring of this region of the genome. Analysis of our aligned PROX1 upstream CNEs for conserved transcription factor binding sites using MULAN 47 shows absolute conservation of many potential binding sites between all species examined in most of the CNEs (an example output of MULAN is shown for CNE8 in Supplementary Information, Section 3) . We propose that some of these CNEs are involved in the transcriptional regulation of PROX1 and that their separation from the PROX1 gene in our patient results in loss of a subset of the PROX1 expression pattern from one allele. This would then result in a B50% reduction in PROX1 expression in some or all tissues (including the heart), with consequent haploinsufficiency. To our mind the haploinsufficient Prox1 þ /À phenotype seen in the mouse (ventricular hypoplasia) is strikingly similar to the neonatal consequences of HLH in humans, and PROX1 should be considered as a candidate gene for other cases of isolated HLH.
